An enzymatic-HPLC method to analyze the serum concentration of D-3-hydroxybutyric acid was developed. A deproteinized sample of rat serum was treated with 3-hydroxybutyrate dehydrogenase in the presence of NAD, and was analyzed by reversed-phase HPLC to separate and quantify NADH formed by the enzyme reaction, monitoring OD at 340 nm. Standard samples containing varying amounts of D-3-hydroxybutyric acid (0-10 nmol in 50 l) were treated with 3-hydroxybutyrate dehydrogenase and analyzed by HPLC (the injected amount was 0-2.7 nmol of D-3-hydroxybutuyric acid), resulting in the peak area increasing proportionally with the injected amount. The method proved sensitive enough for as little as 0.2-2 nmol D-3-hydroxybutyric acid in 50 l to be accurately analyzed. Only 10-20 l of the rat serum protein-free extract is therefore required to obtain a reliable value. The values obtained with this method are identical to those observed by the conventional enzyme-spectrophotometric method. This method can be easily conducted in many laboratories because it is highly sensitive and only requires HPLC apparatus equipped with a UV meter.
Serum D-3-hydroxybutyrate is an indicator of the status of hepatic fatty acid oxidation. Enhanced hepatic fatty acid oxidation results in the increased production of acetoacetic acid which is in turn converted to D-3-hydroxybutyric acid by a reaction catalyzed by 3-hydroxybutyrate dehydrogenase. D-3-Hydroxybutyrate represents a major form of ketone bodies, especially in such metabolic situations as starvation 1, 2) and diabetes mellitus, 2) by which hepatic fatty acid oxidation is enhanced. Enzymatic methods, [3] [4] [5] [6] which have been widely employed for the determination of this compound, involve the conversion of D-3-hydroxybutyric acid to acetoacetic acid through a reaction catalyzed by 3-hydroxybutyrate dehydrogenase, and subsequent spectrophotometric determination of the NADH produced. The enzyme-spectrophotometric method specifically determines D-3-hydroxybutyric acid and is simple and accurate; however, this method is not sensitive and requires a large volume of the serum sample containing at least 50-100 nmol 3-hydroxybutyric acid to obtain a reliable value. This has resulted in chemiluminometric, 7) fluorometric, 8, 9) and radioisotopic 10) methods being applied to improve the sensitivity of the assay. We have found that determination of the compound by the fluorometric method is sometimes difficult due to fluorescence occurring in blank samples, as has been indicated by other investigators. 9) In addition, all of these methods require specific equipment and are hence difficult to conduct in many laboratories.
Apart from the enzymatic methods, a sensitive method for analyzing 3-hydroxybutyrate by gas chromatography-mass spectrometry has recently been reported. 11) This method is applicable to the blood and urine samples that contain this compound at a concentration higher than 20 mmol/l. However, this method again requires a specific and expensive instrument and is hence difficult to introduce in laboratories. Given these limitations, we developed an enzyme-HPLC method which allows the accurate measurement of 3-hydroxybutyric acid at levels of 0.2-10 nmol and is applicable to serum samples containing this compound at a concentration as low as 10 mmol/l.
Materials and Methods
Materials. NAD, 3-hydroxybutyrate dehydrogenase (grade II), and DL-3-hydroxybutyric acid sodium salt were respectively purchased from Oriental Yeast Co. (Tokyo, Japan), Roche Diagnostics (Tokyo, Japan), and Wako Pure Chemicals (Osaka, Japan).
Preparation of protein-free serum samples. Serum samples obtained from an animal experiment, in which male Sprague-Dawley rats were fed a diet containing 0.2% sesamin (a mixture containing equivalent amounts of sesamin and episesamin) or a diet free of lignan for 15 d, and samples from another animal experiment, in which rats were fed a diet containing 10% or 20% sesame powder or a control diet free of sesame powder for 15 d, were used to develop the present method for analyzing 3-hydroxybutyric acid. The results of these experiments concerning the effects of these dietary components on the gene expression of enzymes involved in hepatic fatty acid oxidation have been reported elsewhere. 12, 13) We have previously demonstrated that sesamin 12, 14) and sesame powder 13, 15) increased the activity and mRNA levels of the enzymes involved in fatty acid oxidation in rat liver. These animal experiments were approved by the review board of animal ethics of National Food Research Institute, and we followed the institute's guidelines for the care and use of laboratory animals.
A 50-ml amount of 30% perchloric acid (w/v) was added to 200 ml of serum in a 1.5-ml Eppendorf tube. After vigorous mixing, the tube was left to stand in an ice bath at least for 10 min and then centrifuged at 12;000 Â g and 4 C for 20 min. The supernatant was transferred to a new Eppendorf tube, and 25 ml of 3 mol/l K 2 CO 3 was added. After standing in an ice bath for at least 10 min, the mixture was centrifuged at 12;000 Â g and 4 C for 10 min. for the subsequent analysis of 3-hydroxybutyric acid. The volume of the serum sample to be deproteinized was increased (up to 1 ml) accompanying parallel increases in the volumes of perchloric acid and the K 2 CO 3 solution to be used when a larger volume of the serum protein-free extract was required to spectrophotometrically measure the concentration of 3-hydroxybutyric acid. In this case, a 10-ml glass tube instead of an Eppendorf tube was used for neutralizing the deproteinized sample by K 2 CO 3 . The method was modified when a small volume of the serum sample was to be processed by mixing serum (50-100 ml) with an equal volume of 12% perchloric acid (w/v) in a 1.5-ml Eppendorf tube and leaving to stand in ice for 10 min. The mixture was centrifuged at 12;000 Â g for 20 min. The resulting supernatant was recovered, and 3 mol/l of K 2 CO 3 was added in a volume one-fourth that of the original serum sample in a 1.5-ml Eppendorf tube which was centrifuged at 12;000 Â g and 4 C for 10 min. The neutralized protein-free serum samples thus obtained were stored at À30
C for the subsequent analysis of D-3-hydroxybutyric acid.
HPLC analysis of D-3-hydroxybutyric acid. The protein-free serum sample (10 to 50 ml) was added to a 1.5-ml Eppendorf tube, an appropriate volume of water was added to make up the volume to 50 ml, and 25 ml of a mixture containing 6 mmol/l of NAD, 100 mg/ml of 3-hydroxybutyrate dehydrogenase, 100 mmol/l of Tris and 900 mmol/l of hydrazine at pH 8.5 were added to generate NADH. After standing at room temperature for 1 h, 20 ml of the reaction mixture was analyzed by reversed-phase HPLC, using a Capcell Pak AG 120 A C18 column (250 Â 4:6 mm; Shiseido Co., Tokyo, Japan) at a flow rate of 1 ml/min to separate and quantify NADH by monitoring OD at 340 nm. As a standard, 20 ml of a solution containing 4 nmol DL-3-hydroxybutyric acid (2 nmol as D-form) was treated in the same way. 3-Hydroxybutyrate dehydrogenase uses D-but not L-form as a substrate to generate NADH. The mobile phase for HPLC consisted of 80% (v/v) 160 mmol/l of ammonium dihydrogen phosphate at pH 6.0 and 20% (v/v) methanol containing 0.65% (v/v) tributylamin.
Spectrophotometric determination of D-3-hydroxybutyric acid. A deproteinized sample of serum (200-340 ml) was added to a 1.5-ml Eppendorf tube, and an appropriate volume of water was added to make up the volume to 340 ml. To the sample was added 160 ml of a mixture containing 6 mmol/l of NAD, 100 mmol/l of Tris and 900 mmol/l of hydrazine at pH 8.5. After measuring the OD value of the mixture at 340 nm with the spectrophotometer, 10 ml of a solution containing 17 mg of 3-hydroxybutyrate dehydrogenase was added to the mixture. The mixture was then incubated at room temperature for 60 min, and OD of the mixture at 340 nm was again measured. A water solution (200 ml) containing 200 nmol of DL-3-hydroxybutyric acid (100 nmol as D-form) was similarly treated as a standard. The increase in OD (ÁOD) at 340 nm of the serum sample was compared with that of the standard to calculate the concentration of D-3-hydroxybutyric acid in the serum. Figure 1A , B and C respectively show chromatograms obtained from standard water solutions containing 0, 0.5 and 5 nmol of D-3-hydroxybutyric acid in 50 ml. These solutions actually contained 0, 0.5 and 5 nmol each of both D-and L-isomers in 50 ml; however, 3-hydroxybutyrate dehydrogenase converts the former, but not the latter, to acetoacetic acid accompanying the generation of NADH. Standard solutions containing 0.5 and 5 nmol, but not 0 nmol, of D-3-hydroxybutyric acid showed a sharp single peak having a retention time of 5.2-5.3 min due to the formation of NADH. The signals for NADH could also be detected by a fluorometer with an excitation wavelength of 350 nm and emission of 458 nm. The signal level was more than 10 times higher when obtained with a fluorometer than when observed with a UV meter (data not shown). As the signal level observed with a UV meter was large enough to obtain a reliable value, we routinely used this equipment for monitoring. Fifty microliters of a sample was treated with 3-hydroxybutyrate dehydrogenase in the presence of NAD before the analysis by HPLC for A-E; NAD was excluded from the reaction mixture for the sample used to obtain chromatogram F.
Results
indicated the respective detection and quantification limits for the assay to be 0.01-0.03 nmol and 0.05 nmol.
In the next trial, serum deproteinized samples (50 ml) from an animal experiment in which rats were fed a diet containing 0.2% sesamin (a mixture containing equivalent amounts of sesamin and episesamin) or a diet free of lignan were analyzed. Figure 1D shows the chromatogram for a serum sample obtained from a rat fed a lignin-free diet, and E and F show chromatograms for a serum sample obtained from an animal fed a diet containing 0.2% sesamin. The samples used to obtain chromatograms D and E were treated with 3-hydroxybutyrate dehydrogenase in the presence of NAD; however, NAD was excluded from the reaction mixture for the sample that was used to obtain chromatogram F. Sharp peaks due to the formation of NADH are apparent in chromatograms D and E, but not in chromatogram F. As expected, the peak height was much greater with the sample obtained from rats fed a sesamin diet than with the sample from the animals fed the lignan-free diet. Figure 2A and B show standard curves obtained by using solutions containing different amounts of D-3-hydroxybutyric acid. No NADH peak could be detected with the solution containing 0 nmol D-3-hydroxybutyric acid in 50 ml. The peak area progressively increased as the concentration of D-3-hydroxybutyric acid was increased. The response was linear, at least with the samples containing up to 10 nmol D-3-hydroxybutyric acid in 50 ml ( Fig. 2A) , the injected amount being 0-2.7 nmol. Good linearity was also obtained when using solutions containing D-3-hydroxybutyric acid in an amount of less than 2 nmol in 50 ml (Fig. 2B) , the injected amount being 0-0.53 nmol.
Different amounts of the pooled serum extract obtained from rats fed a diet containing 0.2% of sesamin or a diet free of the lignan (Fig. 3A) , and from the animals fed a diet containing 0, 10 or 20% of sesame powder (Fig. 3B) were analyzed. It was confirmed that the calculated amount of D-3-hydroxybutyric acid in a sample linearly increased as the volume of the serum extract was increased, regardless of the concentration of this compound. As expected, the concentration of D-3-hydroxybutyric acid was higher in the animals fed a diet containing 0.2% sesamin than in the animals fed a sesamin-free diet (Fig. 3A) . Among the rats fed diets containing different amounts of sesame powder, the level was highest in the animals fed the diet containing 20% sesame powder and lowest in the animals fed the diet free of sesame powder, while the level was intermediate in those fed the diet containing 10% sesame powder (Fig. 3B) .
The correlation between the value for D-3-hydroxybutyric acid obtained with a conventional enzymaticspectrophotometric method and that with the proposed enzymatic-HPLC method was examined to test the validity of the present method. As shown in Fig. 4 , high correlation (r ¼ 0:991) was obtained between the values obtained by these two methods, while the values obtained with the proposed method were almost identical to those determined by the enzymatic-spectrophotometric method (y ¼ 1:05x À 12).
As shown in Table 1 , the serum concentration of D-3-hydroxybutyric acid analyzed by the proposed HPLC method was the same as that obtained by using the conventional spectrophotometric method, and it is evident that sesamin and sesame seeds, both of which induce hepatic fatty acid oxidation, [12] [13] [14] [15] increased the serum concentration of this compound.
Discussion
The present study describes a simple and sensitive method to analyze the serum concentration of D-3-hydroxybutyric acid. This method is sensitive enough for as little as 0.2-2 nmol D-3-hydroxybutyric acid to be accurately analyzed. Only 10-20 ml of the rat serum protein-free extract is therefore required to obtain a reliable value. In addition, this method only requires HPLC apparatus equipped with a UV meter, and no other specific equipment is needed. This method can therefore be easily conducted in many laboratories. The method involves the HPLC determination of NADH formed through the specific enzymatic conversion of D-3-hydroxybutyric acid to acetoacetic acid. The method is therefore applicable to the determination of other compounds by using a specific enzyme reaction that involves NADH formation. For instance, we could routinely analyze the serum glycerol concentration by using a similar enzymatic-HPLC method. The method involves the enzymatic conversion of glycerol to glycerol 3-phosphate by glycerol kinase. Glycerol 3-phosphate is in turn converted to dihydroxyacetone phosphate by the enzyme reaction catalyzed by glycerol 3-phosphate dehydrogenase that accompanies the equimolar production of NADH. This method allows the serum glycerol concentration to be measured by using 10-20 ml of the rat serum protein-free extract.
The serum concentration of 3-hydroxybutyric acid measured by using the proposed enzymatic-HPLC method are well consistent with those analyzed by using the conventional enzymatic-spectrophotometric method in the present study. Inasmuch as the serum concentration of 3-hydroxybutyric acid is profoundly affected by various nutritional and physiological conditions, 1,2) it may not be appropriate to compare our current data with those observed in the other studies. However, the values in the present study obtained by the proposed method for rats fed a control diet free of sesamine or sesame powder appear comparable to ''the normal (or control) values'' reported in the previous studies [16] [17] [18] [19] that were obtained by the conventional enzymatic-spectrophotometric method. De Gasquet et al. 16) and Shinohara et al. 17) have respectively observed the serum concentration of 3-hydroxybutyric acid in rats fed with purified diets to be 60-80 mmol/l and 98-115 mmol/l. It has also been reported that the serum concentration of 3-hydroxybutyric acid was 50-100 mmol/l in rats fed with laboratory feed. 18, 19) It has been demonstrated that ligands of peroxisome proliferator receptor (PPAR) that include such hypolipidemic drugs as clofibrate and fenofibrate increased the hepatic activity and gene expression of the enzymes involved in fatty acid oxidation in rats accompanying an increase in the blood concentration of 3-hydroxybutyric acid. Paul and Adibi 18) have reported that a 2-week treatment by clofibrate at a dose of 300 g/kg/d through a gastric tube caused a 1.5-fold increase in the palmitate oxidation rate in a rat liver homogenate. This was accompanied by a 1.5-fold increase in the concentration of 3-hydroxybutyric acid in the plasma. Larsen et al. 20) have shown that the administration of fenofibrate at a dose of 300 mg/kg/d for 32 d caused about a 10-fold increase in the activity of hepatic acyl-CoA oxidase, an enzyme involved in peroxisomal fatty acid oxidation, and doubled the plasma level of 3-hydoxybutyric acid. Sesame lignans appear to be natural ligands of PPAR. We have previously demonstrated that a diet containing 0.2% of a sesamin preparation containing equivalent amounts of sesamin and episesamin caused a 1.5-to 4-fold increase in the activity of the various enzymes involved hepatic fatty acid oxidation in rats. 14) This was associated with about a 2-fold increase in the serum concentration of 3-hydroxybutyric acid, as was observed in the previous 12) and current studies. We have also reported that a diet containing 20% sesame powder increased the activity of various enzymes involved in fatty acid oxidation by 3-to 6-fold in rat liver. 15) As expected, we observed in the present study that sesame powder dose-dependently increased the serum concentration of 3-hydroxybutyric acid. It is apparent that measuring the serum concentration of 3-hydroxybutyric acid helps to elucidate the dietary factors that enhance hepatic fatty acid oxidation. It has been demonstrated that enhancement by dietary factors of hepatic fatty acid oxidation resulted in a lowering of blood lipid levels, 12, 14, 15, 21) and lower body fat accumulation 22) in experimental animals. Elucidating the dietary factors that increase hepatic fatty acid oxidation will therefore contribute to preventing and treating life-style-related diseases. Our proposed method for analyzing 3-hydroxybutyric acid is sensitive and easy to conduct in many laboratories, so we hope that this method will be widely used to elucidate the dietary factors that affect hepatic fatty acid oxidation.
Our method allows the sensitive determination of D-3-hydroxybutyric acid, with only 10-20 ml of a rat serum protein-free extract being required to obtain a reliable value. However, from a quantitative point of view, a minimum of 50 ml of rat serum is required to prepare a protein-free extract for determining this compound. Approximately 0.1 ml of blood should be removed from the blood vessels to obtain this volume of serum. According to a recommendation by NC3Rs (National Center for the Replacement, Refinement and Reduction of Animals in Research) of UK (http://www. nc3rs.org.uk/bloodsamplingmicrosite/page.asp?id=420), the blood volume to be removed on any single occasion and for repeat bleeds at short intervals (24 h) in rats should be less than 10% and 1% of the total blood volume of the animal (1.28-2.56 ml and 0.13-0.26 ml, respectively, for rats with 200-400 g of body weight) for scientific and ethical reasons. Our protocol for sampling and processing the blood samples for an HPLC analysis may therefore enable us to examine the day-to-day change in the D-3-hydroxybutyric acid concentration in rat serum without causing serious problems in terms of ethics and the validity of the research results, this having been difficult with previous protocols. However, the development of a protocol for preparing a sample to analyze D-3-hydroxybutyric acid that requires collecting a smaller volume of blood is still required to minimize stress to the animals and hence its influence on the biochemical parameters.
